Abstract The production of tin oxide (SnO 2 ) microrods on iridium (Ir)-coated substrates was achieved through the thermal evaporation of Sn powders in which a sufficiently high O 2 partial pressure was employed. Scanning electron microscopy revealed that the product consisted of microrods with diameters that ranged from 0.9 to 40 µm. X-ray diffraction, high-resolution transmission electron microscopy, and selected area electron diffraction indicated that the microrods were SnO 2 with a rutile structure. As the microrod tips were free of metal particles, it was determined that the growth of SnO 2 microrods via the present route was dominated by a vapor-solid mechanism. The thickening of rod-like structures was related to the utilization of sufficiently high O 2 partial pressure during the synthesis process, whereas low O 2 partial pressure facilitated the production of thin rods.
Introduction
Tin dioxide (SnO 2 ), an important semiconductor with a wide band gap (E g = 3.62 eV, at room temperature), is well known for its potential applications in gas sensors, 1) transparent conducting electrodes, 2) transistors, 3) and solar cells. 4) Accordingly, various structural and morphological forms of SnO 2 materials have been fabricated over the past several years, including nanowires, 5-7) nanoribbons, [8] [9] [10] [11] nanorods, [12] [13] [14] nanodiskettes, 15, 16) and mesoporous powders and thin films. [17] [18] [19] One of the most interesting and urgent challenges in materials science is the fabrication of one-dimensional (1-D) material of different sizes; smaller diameter nanorods can be utilized in the manufacture of nanoscale switching devices, whereas larger diameter rods can be useful for some optical devices and electronic applications. 20) In contrast with the extensive research that has been carried out on 1-D nanostructures as noted above, the synthesis of SnO 2 microrods, with larger diameters in a range of several to several tens of micrometers, has received relatively little attention. In this paper, we report on the production of SnO 2 microrods via a simple vapor phase deposition process. Thermal evaporation of Sn powders has been carried out at a temperature of 900 o C. In addition to nanorods, microrods are also considered promising materials for optoelectronic and sensing applications, due to their large surface-to-volume ratio. In comparison with nanorods, microrods have some notable advantages: they require a relatively broader fabrication window, and thus the fabrication cost is expected to be lower and the production yield higher.
Experimental Procedure
Thermally grown SiO 2 on Si(001) was employed as a starting material, onto which a layer of Ir (about 150 nm) was deposited by radio frequency magnetron sputtering. The experimental apparatus is illustrated in Fig. 1 . An alumina boat containing the Sn powders (purity: 99.9%) was placed into a quartz tube in a furnace., A piece of the substrate was situated on top of the boat with the Ir-coated side oriented downwards. The powder-to-substrate distance was approximately 10 mm. Before evaporation, the tube was evacuated to 0.01 Torr by a mechanical pump. During the experiment, a constant pressure of 1 Torr with an oxygen (O 2 ) flow was maintained, where the O 2 partial pressure was about 21%. The temperature near the substrate was held at roughly 900 o C for 2 hours. After evaporation, the substrate was cooled down and subsequently removed from the furnace for structural characterization.
A white layer was observed on the surface of the substrate. The structural properties of the as-grown products were investigated by grazing angle X-ray diffraction (XRD: CuKα 1 radiation) (Philips X'pert MRD) with an incidence angle of 0.5 o , scanning electron microscopy (SEM, Hitachi S-4200), and transmission electron microscopy (TEM, Philips CM-200) with energy-dispersive x-ray spectroscopy (EDS) installed. TEM specimens were prepared by sonication in acetone, and subsequently dropping them onto a holey carbon film supported on a copper grid.
Results and discussion
The XRD pattern shown in Fig. 2 reveals the overall crystal structure of the product on the Ir-coated substrate. Miller indices are indicated on each diffraction peak. The diffaction peaks of (110), (101), (200), (211), (220), (002) No impurities, such as unreacted Sn or other tin oxides, were detected. In the XRD measurements, the angle of the incident beam to the substrate surface was about 0.5 o , and the detector was rotated to scan the samples. Therefore, it was surmised that the peaks mainly originate from the products. location in the microrod from the stem to the end. The associated EDS spectrum, recorded from a single microrod, is shown in Fig. 4b . The C-and Cu-related signals, respectively, are due to contamination of C during preparation of TEM specimens as well as to the presence of Cu grids. Fig. 4c shows a selected area electron diffraction (SAED) pattern taken from a microrod with a diameter of approximately 0.94 µm in Fig. 4a , recorded perpendicular to the microrod long axis. The SAED pattern can be indexed to the zone axis of crystalline SnO 2 . The SAED pattern also indicates that at least a portion of the SnO 2 microrod is single crystalline, being consistent with the above XRD measurement. Fig. 4d is a high resolution TEM (HRTEM) image corresponding to the area marked in Fig. 4a , revealing good crystallinity. The interplanar spacing is approximately 0.335 nm, corresponding to the (110) plane of rutile SnO 2 .
Our previous experiments on the growth of SnO 2 1D nanostructrures revealed that the O 2 partial pressure determines the morphology of the final nanostructures.
22)
A statistical analysis of many SEM images indicated that the diameters of the SnO 2 1D nanomaterials produced with O 2 partial pressures of 3, 4, and 6%, respectively, were in a range of 50-500 nm, 150 nm-1.8 µm, and 400 nm-6.3 µm. These results indicate that the average width or diameter of the structures increases overall with increasing O 2 partial pressure in a range of 3-6%.
In the present work, we employed a very high O 2 partial pressure (about 21%) and produced very thick 1D structures with diameters in a range of 0.9-40 µm, which are in agreement with previous results. Since SEM images and EDS measurement indicate that the microrod tips are free of metal particles, it was surmised that the growth of In a vapor-phase reaction system, the two-dimensional (2D) nucleation probability on the surface of a whisker is approximately proportional to exp (-A /lnα), where A is a positive constant and α the supersaturation ratio, under the hypothesis that the parameters such as temperature and surface energy are invariant.
23) The supersaturation ratio is defined by α = p/p 0 , with p being the actual vapor pressure and p 0 the equilibrium vapor pressure. The high-O 2 partial pressure-process induces high actual vapor pressure (p) and thus a high oxygen supersaturation ratio, increasing the 2D nucleation probability on the surface of a whisker. This facilitates the 2D growth and thus the formation of thick 1D structures (Fig. 1d) 
Conclusions
In summary, we successfully synthesized crystalline microrods on an Ir-coated substrate via a thermal evaporation method of heating Sn powders in the presence of an O 2 flow. The obtained SnO 2 microrods, with diameters in a range of 0.9-40 µm and lengths up to several hundreds of micrometers, are tetragonal rutile structures. We suggest that the thickening of these rod-like structures is related to the utilization of sufficiently high O 2 partial pressure during the synthesis process, which leads to O 2 supersaturation and thus higher 2D nucleation probability on the surfaces of 1D structures.
